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Intergiomerular heterogeneity of filtration fraction among superficial
nephrons. The variance (S2intcr.o) in protein concentration (CE) of
plasma samples collected by micropuncture from randomly chosen
surface efferent arterioles was compared to the variance (S2th.u) of
samples collected and re-collected from the same efferent arterioles in
23 Munich—Wistar rats. During efferent arteriolar blood collection, an
oil droplet was maintained with gentle suction downstream to the
collection pipette to avoid disturbance of natural glomerular blood
outflow. S2thtCrG averaged 0.067 0.014 (sa), a value comparable to
mean S21,,trao (0.075 0.016, P > 0.50), indicating that the degree of
intergiomerular heterogeneity in the value of filtration fraction is too
small to detect with this micropuncture technique. When ten additional
samples were collected using uncontrolled suction pressure, S2j,,tera
averaged 1.15 1.30, a value markedly greater than that obtained with
controlled pressure. In six nephrons which possessed both glomeruli
and efferent arterioles on the surface of the kidney, glomerular capillary
pressure (Pcc) was monitored during efferent arteriolar blood collec-
tion. Applying widely varied suction pressure, oc changed as much as
42 mmHg, suggesting that improper suction pressure can alter glomer-
ular pressures and flows, hence filtration fraction and CE. Thus, unlike
renal proximal tubules, some of the rat renal efferent arterioles do not
function as Starling resistors, which may, in turn, account for the wide
variability in CE values reported recently by some investigators.
The wide variability in protein concentration of samples
collected by mieropuncture from surface efferent arterioles of
rats has recently been postulated to reflect marked internephron
heterogeneity in glomerular filtration fraction [1, 2] among
superficial nephrons. This postulate deviates from the widely
accepted premise that, within the same kidney, glomerular
function is relatively uniform. In fact, the micropuncture
method for describing the dynamics of single nephron ifitration
as developed by Deen et al [31 and Blantz [4] assumes
internephron homogeneity, incorporating measurements of fil-
tration and other hemodynamic indices from different neph-
rons.
The determination of efferent arteriolar plasma protein con-
centration (CE) and single nephron filtration fraction (SNFF)
requires a series of highly skilled techniques, ranging from
micropuncture collection to microcolori— or volu—metric proce-
dures. Thus, a wide disparity between observations can result
from investigator's techniques rather than the true biological
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characteristics of the animals. This distinction is not possible at
present since, in previous studies, no control experiment was
performed to determine the degree of variability contributed by
the investigator's technique. In our study, a sample—to--sample
variability due to technique was assessed by calculating the
variance between samples collected and recollected from the
same efferent arterioles. The degree of variance thus obtained
was compared with the variance between samples collected
from different efferent arterioles.
Method
Animal preparation
Studies were performed on adult male Munich—Wistar rats,
(Simonsen Laboratories, Gilroy, California, USA) weighing 196
to 278 g. With the exception of three, all rats were allowed free
access to tap water and standard rat chow until the day of the
experiment. Experiments were conducted in animals during
various degrees of hydration. Eighteen rats were studied in the
euvolemic state, following intravenous infusion of iso-oncontic
plasma as previously described [5]. Two experiments were
conducted in hydropenic rats, that is, without plasma volume
restoration. Three more animals were studied after 48 hr of
water deprivation. These water—deprived rats were infused with
plasma sufficient to return them to their status just prior to
anesthesia [61. Nine of the eighteen euvolemic animals were
volume expanded with either 3% isotonic saline (3% E, N = 4),
5% isotonic saline (5% E, N = 1) of body weight or both, in
succession (N = 3).
All animals were anesthetized with mactin (100 mg/kg, i.p.)
and placed on a temperature—regulated mieropuncture table.
Each animal underwent a routine micropuncture preparation
[5]. Systemic arterial blood pressure was monitored throughout
the experiment with an electronic transducer (model P-23Db,
Statbam Instruments Div., Gould, Inc., Oxnard, California,
USA) connected to a direct writing recorder (model 2200,
Gould, Inc.). Except for rat #1, mean systemic arterial pressure
was found to be stable at levels above 95 mmHg.
Micropuncture collection of efferent arteriolar blood. All
experiments were conducted by a single micropuncturist (1.1.).
Postglomerular blood was collected for measurement of protein
concentration in the following manner. Using microscopic
visualization, the most distal segment of the postglomerular
efferent arterioles (stellate vessels) were identified on the sur-
face of the kidney. The well of these vessels ranged from 15 to
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20 in diameter, and gave rise to a radiating network of small
peritubular capillaries. Sharpened micropipettes with an outer
tip diameter of —15 s were inserted into these surface efferent
arterioles. A drop of paraffin oil sufficient to obliterate all the
radiating capillary channels was injected, followed immediately
by gentle suction to collect blood samples. The suction pressure
was adjusted to maintain the column of oil just distal to the site
of puncture and continued until a volume of 50 to 150 nliter was
collected. If the oil column disappeared distally or was aspi-
rated into the pipette, the sample was discarded. Likewise, if
extreme suction pressure was required for collection (presum-
ably due to obstruction within the pipette) the sample was
discarded. At completion of the blood collection, the pressure
within the collection pipette was exposed to the atmosphere and
the pipette withdrawn. Blood collection micropipettes were
prepared by coating with a dilute organosilate (Prosil-28, PCR,
Inc., Gainesville, Florida, USA). The tips of the micropipettes
were filled with clear paraffin oil immediately prior to and
following blood collection. Eleven surface efferent arterioles (N
= 10 rats) were subjected to two consecutive blood collections.
Frequently following blood collection, efferent arterioles tem-
porarily constrict, sometimes becoming completely obliterated,
therefore, at least five minutes were interposed between the
intitial and second collections. Furthermore, only the arterioles
which appeared free of oil following the initial collection were
subjected to the second blood collection. To obtain the second
blood sample, collection pipettes were inserted through the
vent created during the initial blood collection.
In addition to the above collections which were made with
controlled suction pressure, samples were collected from ten
surface efferent arterioles (N 5 rats) without an oil blockade.
During these blood collections, excessive suction pressure was
applied.
Measurement of glomerular capillary pressure during ef-
ferent arteriolar blood collection. In a group of five rats (six
nephrons), the effect of excessive suction pressure during
efferent arteriolar blood collection on glomerular capillary
hydraulic pressure (PGC) was evaluated. Prior to any sampling,
pairing of a surface efferent arteriole and its parent glomerulus
was made, using the topographical method of Briggs and Wright
[7]. This was accomplished by injection of Lissamine green into
a surface Bowman's space with a small (— 3 sm) tip glass
pipette. The green dye flowed into the tubules of a single
nephron completely surrounding a single efferent arteriole,
tentatively defined as belonging to the glomerulus encapsulated
by that Bowman's capsule. After measurement of glomerular
capillary pressure, true pairing was confirmed by observing
discoloration of the glomerular capillary in response to a rapid
injection of a large amount of paraffin oil through the efferent
arteriole. Glomerular capillary pressure (P) was measured
using a servo-null micropipette transducer system (model 3,
Instrumentation for Physiology and Medicine, San Diego, Cal-
ifornia, USA). Micropipettes with a tip diameter of —2 sm,
containing 2.0 M NaC1 were used in conjunction with this
system. Hydraulic output from the servo-system was coupled
electronically to a second channel of the Gould Recorder by
means of a pressure transducer.
Insertion of a blood collection pipette into the renal capsule
and surface efferent arteriole while monitoring PGC dislodges
the pressure pipette from the glomerular capillary, disrupting
PGC measurement. To provide consistent measurement of P,
either a blood collection pipette was inserted and maintained in
the efferent arteriole prior to insertion of Pc pressure pipette,
or the renal capsule and efferent arteriole were vented initially
with a collection pipette. Once a steady pressure tracing was
obtained, the blood collection pipette was advanced into the
efferent arteriole through the vent created earlier. During the
initial few seconds efferent arteriolar blood was aspirated with
a minimal amount of pressure necessary to maintain oil distally.
Excessive suction pressure was then applied while continu-
ously recording the glomerular capillary pressure.
Assay of efferent arteriolar blood for plasma protein concen-
tration. After sampling, the tips of the blood collection pipettes
were sealed using a cyanoacrylate ester (910 Adhesive,
Permabond mt. Div., Englewood, New Jersey, USA) and spun
in a microhematocrit centrifuge for 15 minutes. The plasma was
then assayed for total protein concentration by the method of
Viets et al [81. Samples showing evidence of hemolysis or
coagulation were discarded from further analyses. In addition,
samples too small to permit duplicate determination were
excluded from further procedures. Systemic plasmas were
obtained from the femoral artery catheter, just prior to efferent
arteriole collections. Systemic plasma protein concentration
(CA) was also assayed by the above method [8].
Analyses
Samples showing greater than 0.5 gldliter difference in pro-
tein concentration between duplicate determinations were ex-
cluded from further data analyses. For each collection the
average of duplicate determinations was taken as a single result,
rounded off to a single decimal place. Variance testing, based
on protein concentration, was performed on two groups, intra-
glomerular and inter-glomerular samples. Intra-glomerular sam-
ples pertained to the repunctured efferent arterioles, while
inter-glomerular samples involved separate puncture sites. At
least two samples for both intra- and inter-glomerular collec-
tions from each period were compared and evaluated for
statistical variance (S2). These values were then averaged for a
total mean variance from both separate and repunctured
glomeruli.
The use of excessive suction on sample variability was also
determined. For this calculation, the average value for con-
trolled suction collections was used as one measured value in
estimating variance (52)
Results
The individual values for CE and CA determined in the
present study are shown in Table 1. In this table, the values for
CE determined on blood samples from repunctured efferent
arterioles are given in the right hand column, adjacent to values
from initial collections. As indicated in Table 1, the variance in
CE among separate efferent arterioles within the same animal
ranged from 0 to 0.245 and averaged 0.067 0.014 (SE). The
variances in CE values between first and second collections
from the same surface efferent arterioles were similar in mag-
nitude to those described above. Thus, within the same animal,
the variances in CE among initial versus recollected ranged from
0.005 to 0.180, and averaged 0.075 0.016. Likewise, the
variances in SNFF values, calculated from CE values, were
similar in range for separate punctures (0 to 0.00245, not shown)
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mean:
S2intcro S'2inter.o
0.067 0.075 1.15
gidliter s:
Lp> 0.50_I
I
SNFF mean: 0.00057 0.00065
SE: ±0.00014
Lp> 0•50J
Individual values
Controlled Exces- Condi-
Rat 1st 2nd
sive
S2inteno S2jntrao S'2thtern
tion
(CA)
1 6.5 BV
7.1 (5,8)
2 7.6
7.5
3 8.4
8.1
4 7.7 7.6
8.4
5 7.4
7.5 8.0
6 7.7 7.5
8.3
7.7
7.5
7 7.4 7.8
7.6
8 7.1
7.5
9 8.4
8.6
10 7.4 7.7
7.3
7.2
7.4
8.2
7.6
11 9.2
9.2
12 8.4
8.8
Controlled
Rat 1st 2nd
Condi-
Exces- tion
sive S2inter.a S2intra.o S'2intero (CA)
0.080
E-3%
(5.2)
E-3%
(4.9)
E-3%
(6.4)
B-5%
(4.6)
0.001
E-3%
(5.2)
B-5%
(5.0)
B-3%
(5.4)
E-5%
(5.3)
HP
(5.8)
E-5%
(5.1)
HP
(5.4)
WD
(6.8)
WD
(6.6)
WD
(7.1)
EV Abbreviations are: Controlled, samples collected with controlled
(6.0) suction pressure (with distal oil blockade); 1st, initial collection; 2nd,
recollection; Excessive, samples collected with excessive suction pres-
BY sure (without oil blockade); S2jntero, variance between samples col-
(5.7) lected from different efferent arterioles within each kidney; S2jnt,a.c,
variance between samples collected from same efferent arterioles;
variance between samples collected with or without excessive
suction from different efferent arterioles within each kidney. (For this
calculation, an average value for controlled suction samples was
included as a single value within each experiment.); CA, systemic
arterial plasma protein concentration; C, efferent arteriolar plasmaH protein concentration; BY, euvolemia; H, hydropenia; B, expansion(5.7) with isotonic saline (percent body weight indicated); HP, hyperoncotic
plasma infusion; WD, water deprivation.
H Absolute values for CE are listed on left hail of the table, while statistical
(6.1) variances for Ca are on the right. Although not shown, single nephron
filtration fraction (SNFF) was calculated for each C value. Averaged
values of S2n,ttr.o and S2intme for SNFF are given at the top.
Table 1. Data for micropuncture determination of C5 and SNFF
Average values Individual values
Table 1. Continued
B-3%
(5.5)
0.063 0.576
6.3
6.5
5.3
6.0
13 7.1
6.9
7.4
14 8.6
8.0
15 7.1
7.3
16 8.7
17 6.0
5.9
BY 18 7.3
(5.7)
7.3
BY 7.2
(5.2) 19 7.8
BY
(5.4)
6.8
8.9
BY 8.8
(6.0)
20 7.1
BY 7.5
(5.7)
8.6
4.8
4.2
6.9
4.6
6.9
7.6
7.4
9.0
7.7
7.3
7.0
8.3
0.180 0.180
0.020
0.045
0.005
0.080
0.005
0.005 0.125
0.180 0.080
0.005
0.080
0.0045
0.045
0.005
0.180 1.853
0,005
0.045
0.245 0.005 3.086
0.005 0.125
0.120 0.020 0.223
0.020 0.080
0.080
0.020
0.130 0.045
0.000
0.080
21 10.4
10.1
22 9.5
9,4
23 11.8
11.4
BY
(6.0)
BY
(5.9)
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In the present study, internephron variances for both CE and
SNFF were indistinguishable from the variances of these two
indices calculated for samples repeatedly obtained from the
same efferent arterioles. This observation indicates that the
method employed in the present study, including both the
sampling and assaying techniques, did not possess a sensitivity
subtle enough to detect any potential internephron heterogene-
ity in CE and SNFF among superficial nephrons.
While our findings echo those of some investigators [9],
others have recently made contrasting observations [1, 2].
Those observations are highlighted in Table 2, together with the
results from the present study. In all of the five studies listed in
Table 2, SNFF was determined on blood samples collected by
micropuncture from surface efferent arterioles of Munich—Wis-
tar rats, and the data from each collection are available. Since
values for CE were not available in studies 2, 3 and 4 [1, 2, 10],
mean variance for C values were estimated on the basis of the
reported mean variance in SNFF, assuming typical CA and CE
8.0 9.0 values to be 5.5 and 8.0 g/dliter, respectively. In addition, to
facilitate comparison among these results, predicted degrees of
difference in CE and SNFF values between two typical collec-
tions were calculated using the variance values in Table 2. As
indicated in Table 2, while mean variances for SNFF and C are
comparable between study 1 [9] and the present study, mean
variances obtained in studies 2 [1], 3 [2] and 4 [10] were one
order of magnitude greater. Thus, given these variances, the
predicted difference in CE and SNFF between a typical pair of
collections was calculated to be 0.37 gldliter and 0.034 for the
present study, while these indices were 1.06 gldliter and 0.093
for study 2, 1.16 g/dliter and 0.098 for study 3, 1.13 gldliter, and
0.089 for study 4.
Unlike the other three studies, studies 1 and 4 were not
intended to assess the degree of nephron heterogeneity, thus,
some animals with wide variability in CE and SNFF may have
been discarded from data analysis. We cannot, then, make a
meaningful comparison between these and the other studies.
Studies 1 and 4 will therefore be excluded from our consider-
ation in the following discussion.
All Munich—Wistar rats currently used in various laboratories
are the offspring of the same single pair of Wistar strain of rats
discovered in Dr. Klaus Thurau's Laboratory almost 15 years
ago. However, disparity in single glomerular function has been
noted among colonies presently maintained in separate labora-
tories [10]. Among the many rats studied by us during the last
decade, a trend has been noted indicating that the most recently
studied rats are characterized by higher CA and lower SNFF
than those examined earlier [5, 11]. Thus, the possibility exists
that the difference in the degree of nephron.-to—nephron heter-
ogeneity in filtration fraction between the present observations
versus studies 2 and 3 simply reflects a colony—dependent
difference.
The methods for the determination of SNFF used in studies 2
and 3 were distinctly different from those of the present study.
In contrast to our fluorometric method of assaying protein
concentration in systemic and efferent arteriolar plasma, in
studies 2 and 3, SNFF was determined by two methods:
measuring radioiodinated albumin and measuring hematocrit in
systemic and efferent arteriolar plasma [1, 2]. Using the two
/' ./
Discussion
C0
00
•0C00
5)
5)
'0
0)
0
9.0
8.0
'.,.
.
7.0 -
7.0
CE, g/dliter (initial collection)
Fig. 1. Evaluation of the effect on the plasma protein concentration of
repeated blood collection from efferent arterioles, Each point denotes
paired determinations made for some efferent arteriole.
and repunctured sites (0.00005 to 0.00125, not shown); having
average values of 0.00057 0.00014 and 0.00065 0.00014,
respectively.
The absolute values for CE collected from initial and recol-
lected efferent arterioles are plotted in Figure 1. No apparent
trend is observed for these CE values, as they are near—equally
distributed on either side of the identity line. Thus, there
appears to be no specific direction for increase or reduction in
CE values due to repuncture at the same site. Specifically,
average CE values were similar between initial and recollection
samples, 7.86 0.19 gldliter and 7.80 0.17, respectively.
Also included in Table 1 are CE values for samples obtained
with excessive suction pressure. The variance within this group
ranged from 0.001 to 3.086, averaging 1.15 1.30, indicating
the marked contrast between controlled and excessive suction
pressure.
In six nephrons (N = 5 rats) which possessed surface
glomeruli and efferent arterioles, glomerular capillary hydraulic
pressure, PGC, was measured continuously during suction of
efferent arteriolar blood. In each glomerulus, minimum suction
necessary to maintain an oil block did not cause discernible
changes in GC. However, pGC fell in proportion to further
increases in suction pressure. With excessive suction pressure,
the typical pulsatile tracing pattern disappeared, and often was
not restored after cessation of blood aspiration, making contin-
uation of PGC measurement impossible. The maximum reduc-
tion in PGC recorded for the six glomerulus.-efferent arteriole
pairs were 10, 12, 13, 18, 20, and 42 mmHg, respectively. The
pressure tracing in Figure 2 presents the most dramatic fall in
Gc observed using excessive suction during efferent arteriolar
blood collection.
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Pressure pipette inserted
mmHg
60 L
40 L
20 L
0I
60
40
20
0
60
40
20
0
Table 2. Comparison of variability in CE and SNFF values from previous and present studies.
Predicted difference between
Study
Number
of rats
Number of
samples
Mean variance two typical collectionsa
C5 SNFF CE, gidliter SNFF
1 [91 23 46 0.064 0.00035 0.36 0.026
2(2] 11 77 0.561 0.00430 1.06 0.093
3 [1] 38 68 0.673 0,00480 1.16 0.098
4(10] 11 25 0.642 0.00400 1.13 0.089
Present 23 58 0.067 0.00057 0.37 0.034
a Calculated by: \/2 x observed mean variance.
latter parameters the calculated values of SNFF were found to
have a wide nephron—to—nephron variability.
Collection of efferent arteriolar blood samples by different
micropuncturist creates the potential for variability reflecting
the individual's technique. A major difference in our method of
collecting efferent arteriolar blood samples is to maintain a
mobile oil droplet distal to the pipette tip. This same technique
has routinely been employed in the micropuncture collection of
tubule fluid to avoid contamination of samples with fluid from
distal segments. Others [10, 121 have been concerned with the
possibility that efferent arteriolar blood samples obtained by
simple suction (without a mobile oil drop) may contain substan-
tial amounts of peritubular capillary plasma [13]. Our technique
of downstream oil blockade may reduce this contamination of
blood samples with peritubular capifiary plasma, thereby de-
creasing the wide variation in CE values. However, this notion
is insufficient to explain the difference in variance between our
study and study 3, since in study 3, each SNFF value was
corrected by the degree of inulin dilution within the efferent
arteriolar plasma samples.
Our measurement of P0c during efferent arteriolar blood
collection revealed the presence of another potential source of
sample—to—sample variability of CE and SNFF values. With
increasing suction pressure applied to surface efferent arteri-
oles, there was a progressive fall in PGC,decreasing as much as
42 mmHg in a single collection. This finding is in marked
contrast to the observation of proximal tubules in rats [14, 151.
Our observations of reduction in PGC during efferent arterio-
lar blood collection indicated that unlike the proximal tubule,
the efferent arteriolar cylinder lacks the Starling resistor prop-
erty. As such, because there was no local collapse of the
arteriolar wall, large changes in downstream pressure can be
readily transmitted upstream.t
The application of an oil droplet to the site of blood collection
Although a reduction in Poc during efferent arteriolar blood collec-
tion was noted in all efi'crent arteriole—glomerular capillary pairs tested,
this may not occur in some subsurface glomeruli. As can be seen in
Table 1, despite application of excessive suction pressure, some of the
samples did not show values clearly lower than those samples obtained
with controlled pressure. Thus, the possibility remains that the linear
resistor—like property of efferent arterioles applies only to the charac-
teristically short arterioles of glomeruli on the very surface of the
kidney,
A
controlled suction
started
15 25
A
suction
stopped
40 45
A
Excessive suction
started
Suction
stoppedV
Pressure
pipette
withdrawn
60 65 70
Time,seconds
75
Fig. 2. A tracing pattern of glomerular capillary
hydraulic pressure in one of the water deprived rats
before, during and after aspiration of blood from
surface efferent arterioles of the same nephron unit.
Insertion of a pressure recording pipette into
glomerulus was made after blood collection pipette
was placed in the efferent arteriole.
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may help avoid changes in glomerular pressure during efferent
arteriolar blood collection. During aspiration of efferent arteri-
olar blood, it is often difficult to control the pressure at the tip
of the collection pipette due to an obstruction within the
pipette. Application of an oil droplet around the tip of the blood
collection pipette, as done in the present study, enables the
micropuncturist to find any disparity in pressure inside and
outside the collection pipette. The least suction pressure re-
quired to maintain the oil droplet allows reproducibility of a
minimum pressure from collection to collection.
In the study of Dal Canton et at [16] timed efferent arteriolar
blood collections were made with gentle suction while a mobile
oil drop was maintained distal to the pipette. Values for
immediate postglomerular plasma flow rate were thus obtained,
and, together with the values of SNFF calculated from CA and
CE, thus enabled them to determine SNGFR during the collec-
tion. Their SNGFR values were found to be indistinguishable
from those measured by the conventional method of tubule fluid
collection. These findings indicate that employing this proce-
dure for efferent artenolar blood collection alters neither the
rate of filtration nor the intrinsic hemodynamic pattern of the
glomerular microcirculation. As observed in this study, the
absence of changes in PGC during aspiration of efferent arteri-
olar blood while maintaining a mobile oil block further supports
the conclusion of Dal Canton et at [16].
The absence of Starling resistor property in some efferent
arterioles as demonstrated in our study is hardly surprising in
view of the fact that, as compared to proximal tubules, the
efferent arterioles are short in length, have a rigid wall com-
posed of layers of smooth muscle cells and are not convoluted.
Values for CE among efferent arteriolar blood samples, then,
are expected to be highly sensitive to the aspiration pressure
applied at the surface efferent arteriole. Thus, any excessive
suction pressure would be transmitted to the more upstream
segments, possibly altering glomerular hemodynamics. Exces-
sive suction pressure could also lead to distal contamination
from peritubular capillaries skewing the protein concentration
of efferent arteriolar blood samples. Thus, the degree of vari-
ability becomes highly dependent upon the micropuncturists'
skills or techniques. The method of maintaining a mobile oil
blockade during efferent arteriolar blood collection is felt to
minimize this dependency.
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